Preparation of metal sulfide semiconductor (CuGa) 1-x Zn 2x S 2 solid solutions with various composition (x=0, 0.2, 0.5, 0.5, 0.7, and 0.9) were synthesized by solid-state reaction according to a previously reported method. 1 CuS 2 (Kojundo Chemical Laboratory, 99%), Ga 2 S 3 (Kojundo Chemical Laboratory, 99%), and ZnS (Kojundo Chemical Laboratory, 99.999%) were mixed using an agate mortar in the ratio of Cu/Ga/Zn=(1-x): 1.2 (1-x): 1.1 (1-x) : 2x. The mixture was sealed in a quartz ampule after evacuation and then calcined at 1073 K for 10 h.
solution (100 mL) for 72 h. The BiVO 4 powder obtained was collected by filtration and washed with distilled water before drying.
Synthesis of the Ru-complex
[Ru(4,4'-diphosphonate-2,2'-bipyridine)(CO) 2 Cl 2 ] ([Ru(dpbpy)]) was synthesized according to a previously reported method. 3
Preparation of [Ru-dpbpy]/(CuGa) 1-x Zn 2x S 2 hybrid photocatalysts
Hybrid photocatalysts consisting of a Ru-complex [Ru(dpbpy)] and a metal sulfide semiconductor (CuGa) 1-x Zn 2x S 2 were prepared by adsorption of the Ru-complex in methanol solution according to a previous report. 2 UV/vis absorption spectra of the solutions after filtration were acquired using a UV/vis spectrophotometer (Shimadzu UV-3600) and the amount of [Ru(dpbpy)] adsorbed on (CuGa) 1-x Zn 2x S 2 was calculated from each spectrum.
Synthesis of the Co-complex
[Co(2,2':6,6'-terpyridine) 2 ](NO 3 ) 2 ([Co(tpy) 2 ](NO 3 ) 2 was synthesized as follows. 1.5 mmol of Co(NO 3 ) 2 •6H 2 O (Wako Pure Chemical Industry) and 3.0 mmol of 2,2':6,6'-terpyridine (Tokyo Chemical Industry) were dissolved in methanol solution, which was then stirred at room-temperature for 2 h. The solution changed color to dark blown and was then evaporated to dryness. The residue was recrystallized from methanol and diethyl ether.
Characterization
The crystal structures of the photocatalysts were analyzed using X-ray diffraction (XRD; Rigaku, Ultima IV) with Cu Kα radiation at 40 kV and 40 mA. Diffuse reflection spectra were obtained using a UV-vis-NIR spectrometer (JASCO, V-780) and
were converted from reflectance to absorbance by the Kubelka-Munk method. X-ray photoelectron spectroscopy (XPS; Ulvac-Phi Quantera SXM) measurements were conducted with monochromated Al Kα radiation.
Z-schematic photocatalytic CO 2 reduction by the test tube method
Z-schematic photocatalytic CO 2 reduction was conducted according to a previously reported test tube method. [4] [5] Photocatalytic activity was measured at ambient pressure under CO 2 in 8 mL Pyrex test tubes containing an aqueous solution (4 mL) of 0.02 mmol L -1 [Co(tpy) 2 ] 2+ and the [Ru(dpbpy)]/(CuGa) 1-x Zn 2x S 2 hybrid photocatalyst and BiVO 4 photocatalyst (16 mg in total). After purging with CO 2 for 15 min, the suspensions were irradiated in a rotating apparatus using a 500 W Xe lamp (Ushio UXL-500SX) equipped with filters to produce visible-light in the range of (390 < λ ≤ 750 nm at 31 mW/cm 2 ) for a predetermined time at room temperature, in the same manner as reported in a previous study. [4] [5] The amount of product obtained was determined from gas chromatography (Shimadzu, GC-14A) and ion-exchange chromatography (Dionex, ICS-2000) measurements. More than three runs were performed to obtain average values.
Isotope analysis
Isotope experiments for Z-schematic CO 2 reduction were conducted using 13 
Z-schematic photocatalytic CO 2 reduction by CO 2 flow system
To confirm O 2 generation, Z-schematic CO 2 reduction was conducted using a batch-type cell under CO 2 gas flow according to a previously reported method. [7] [8] [Ru(dpbpy)]/(CuGa) Figure 1(b) ). Table S5 . Atomic ratio evaluated from XPS data for Z-schematic CO 2 reduction activity of ([Ru(dpbpy)]/(CuGa) 0.3 Zn 1.4 S 2 )-([Co(tpy) 2 ] 3+/2+ )-(BiVO 4 ) system before and after photocatalytic reaction for 9 h (evaluation of Figure 1(b 
